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Abstract 
A room temperature electrochemical synthesis of Zinc Indium Selenide (ZnIn2Se4) thin films has been carried out. The films 
were polycrystalline and exhibited n-type conductivity. ZnIn2Se4 films were found to be photoactive in polysulphide solution. 
The photo electrochemical (PEC) studies of these films have been carried out using current-voltage (I-V) characteristics, power 
output characteristics, spectral response, Mott-Schottky plot and electrochemical impedance spectroscopy (EIS). 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Organizing Committee of ICAER 2013. 
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1. Introduction 
The fabrication of p–n junction solar cells has already been achieved with high degree of sophistication, but in 
1970’s, an alternative way of solid–liquid junction was suggested. Semiconductor liquid junction solar cells have 
been attracting a great deal of attention during last few years due to growing interest in solar energy conversion [1]. 
As compared to solid–solid junction of conventional solar cells, a semiconductor electrode dipped in a suitable liquid 
electrolyte provides the necessary charge transfer. A redox ionic species are being used to obtain 
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photovoltage/photocurrent. After a little modification, solid-liquid junction has in-built storage capability. 
Semiconductor electrolyte interface may be used for photo electrolysis, photo catalysis, and photoelectrochemical 
(PEC) power conversion [2]. The semiconducting thin film electrode like zinc indium selenide (ZnIn2Se4) has been 
studied due to its wide applications in solar cells and optoelectronic devices [3-4]. The ZnIn2Se4 is n-type 
semiconducting ternary chalcogenide of the type AIIBIII2 CVI4, where A = Zn, Cd or Hg, B = In or Ga, and C = S, Se, 
Te [5].  
Soliman and Nahass have studied optical properties of ZnIn2Se4 films grown by thermal evaporation technique on 
quartz substrate [6]. Later Hendia and Soliman studied effect of deposition rate on structural and optical properties 
of the ZnIn2Se4 grown on glass substrate [7]. E. Nowak et al. reported electrical properties of ZnIn2Se4 thin films [8]. 
Xianzhong Sun et al. have grown ZnIn2Se4 buffer layer by thermal diffusion on CuInSe2 thin film deposited by 
electrodeposition [9]. ZnIn2Se4 material has also been prepared by co-evaporation [10-12], chemical vapor 
deposition [13], spray pyrolysis [14, 15], and vertical Bridgman technique [16]. However, no attempt has been made 
for deposition of ZnIn2Se4 thin films by electrodeposition method. Literature survey reveals that n- type ZnIn2Se4 
film electrode has not been reported as photoelectrode.  
In this paper, we report the synthesis of n-ZnIn2Se4 film electrode on stainless steel substrates at ambient 
temperature. We studied PEC properties in polysulphide electrolyte, which may enable capability of ambient 
temperature fabrication of p–n junction diode or solar cell. 
 
2. Experimental 
All AR grade (Aldrich and Merck) chemicals were used for synthesis of ZnIn2Se4 film electrode. ZnIn2Se4 thin 
films were electrodeposited onto a stainless steel substrate (1x1 cm2). The substrates were initially polished with 
zero grade polish paper and cleaned with labolene, and finally by an ultrasonic cleaner. The economical and inert 
polished graphite plate (5x 1x 0.2 cm3) was used as a counter electrode. The molarities of precursor solutions of zinc 
sulphate (ZnSO4), indium trichloride (InCl3) and selenium dioxide (SeO2) solutions were kept 0.2 M, 0.02 M, and 
0.002 M respectively. The depositions were carried out from an unstirred solution (35 cc with precursor ratio 1:2:4) 
at room temperature under potentiostatic conditions with a saturated calomel electrode (SCE) as a reference 
electrode. As per pourbaix diagram, the pH of the bath was kept constant as 2.2 by adding few drops of 0.1M HCl 
[17]. The polarization curves were recorded for 0.2 M ZnSO4, 0.02 M InCl3 and 0.002 M SeO2 separately and then 
from the bath having compositions of ZnSO4, InCl3 and SeO2 in the volumetric proportions as 1:2:4.  
The films deposited using optimized conditions were used for further characterization by X-ray diffraction 
(XRD), Scanning electron microscopy (SEM), UV-Visible spectroscopy, and PEC techniques. Photoelectrochemical 
characterization of ZnIn2Se4 thin films was carried out using a PEC cell configuration as ZnIn2Se4|0.1.M 
Polysulphide|C. The distance between working electrode and counter electrode was 0.5 cm. Photocurrent–voltage 
curves were measured under 50 mW/cm2 light illumination intensity. The spectral response of the PEC cell was 
recorded with monochromator in the wavelength range of 350–800 nm. The speed of response of the cell was 
recorded as a rise and decay of photocurrent with time. Transient photoresponse of the cell was used to study decay 
constant. The capacitance–voltage (C–V) characteristics of the cell in terms of Mott–Schottky plot was used to 
determine the flat band potential (Vfb) of ZnIn2Se4 electrode. 
3. Results and Discussion  
3.1. Polarization Curve 
 A preliminary requirement for codeposition of two or more metals from the electrolyte is that at least one of them 
must be individually capable of being deposited from the bath. The most important practical consideration involved 
in the codeposition of three metals is that their deposition potentials must be fairly close together. In general, the 
potentials of the metals even in the solutions of various ions can be brought closer together by changing the 
concentrations of either the metals or pH of the bath [18]. The electrolyte bath consisting of aqueous solutions of 0.2 
M ZnSO4, 0.02 M InCl3 and 0.002M SeO2 in various proportions was used to deposit Zn-In-Se films at ambient 
 Anuradha. B. Bhalerao et al. /  Energy Procedia  54 ( 2014 )  549 – 556 551
temperature. Fig. 1 shows the plots of polarization curves for reduction of zinc, indium, selenium and ZnIn2Se4 thin 
film which indicates cathodic deposition potential of 600mV Vs SCE for codeposition of zinc, indium and selenium. 
The deposition conditions such as precursor solution proportion, deposition time and bath pH are optimized to 
achieve the uniform thickness adherent film. Further rise in these parameters resulted in decrease and non uniformity 
of film thickness. This may be attributed to the fact that after attaining the highest thickness (0.789μm) the films 
may have tensile stress, which causes delamination or peeling off the layer [19]. Another possible reason may be that 
the excess charge is used for side reactions only. 
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 Fig. 1 Polarization curves for reduction of (a) zinc, (b) indium, (c) selenium and (d) for the bath containing precursor solutions in the ratio 1:2:4. 
3.2. Crystal Structure and Surface Morphology  
The X-ray diffraction pattern of the as deposited film electrode on stainless steel substrate is shown in Fig. 2. The 
XRD pattern shows remarkable texture growth structure along (2 2 0) and (1 1 2) planes, as evidenced by JCPDS 
data file card [39–1156] in addition to few other minor peaks viz. (3 0 1), (1 1 6) and (4 0 0).  
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Fig. 2 The X-ray diffraction pattern of as-deposited ZnIn2Se4 thin film. 
 
There was good matching between observed and standard interplanar spacing (d) values with tetragonal crystal 
structure and lattice parameters as (a=b= 5.7095Å, c= 11.449Å) suggesting the formation of ZnIn2Se4.  
Fig. 3(a-b) shows the scanning electron micrograph (SEM) image of ZnIn2Se4 film electrode at magnifications 
10,000x and 30,000x. Lower magnification image shows overgrown grains in some regions of the film. It shows a 
close packed structure with the average grain width and breadth falling in the nanometer range (about 500nm) and 
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length about 2000nm. An observation at higher magnification reveals well resolved uniform grain growth with good 
film coverage.  The grains are compact with tetragonal (rod like) shape. These rods are aggregated to form 
homogeneous local edge-sharing network structure on substrate surface without void spaces.  
 
      
3(a)       3(b)  
Fig.3 The scanning electron micrographs of ZnIn2Se4 film electrode at magnifications (a) 10,000 x and (b) 30,000x. 
3.3. Optical Absorbance Study  
The optical absorption spectrum of ZnIn2Se4 film deposited onto stainless steel substrate was studied at the room 
temperature in the wavelength of 300–800 nm. Fig.4 (inset) shows the variation of optical absorbance (αt) with 
wavelength. The absorption hump was found near 400 to 500nm region. ZnIn2Se4 shows absorbance in the visible 
region, which is the characteristic of ZnIn2Se4 to use it as absorber layer.   
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Fig.4 The plot of (αhν) 2 versus (hν) of ZnIn2Se4 thin film. 
 (Inset shows the variation of absorption (αt) with wavelength (λ) of Zn In2Se4 thin film.) 
 
The Energy band gap (Eg) was calculated using the Eq. (1)         
 Q
QD
h
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               (1) 
Where hν is the photon energy, A and n are constants. For allowed direct transition, n = 1/2 and for allowed  
indirect transition n = 2. Fig.4 shows the variation of (αhν)2 with (hν) for ZnIn2Se4 film. The linear nature of the plot 
indicates the existence of the direct transition. The band gap Eg was determined by extrapolating the straight portion 
to energy axis at α = 0. The band gap was found to be 2.4 eV for ZnIn2Se4 thin film, which is in good agreement 
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with the values reported earlier for the ZnIn2Se4 thin films [21]. This value is suitable for using ZnIn2Se4 thin film as 
an absorber layer of solar cell by selecting proper p- type partner and a buffer layer [20]. 
The observed value is greater than the reported band gap value (2.3 eV) of ZnIn2Se4 material [21] and film shows 
a blue shift of 0.1 eV in optical spectrum. This is attributed due to the size-quantization in nanocrystalline 
semiconductor [22]. This size quantization occurs due to localization of electrons and holes in a confined volume of 
the semiconductor nanocrystals. This results in a change in energy band structure, with separation of individual 
energy levels and an increase in effective optical ‘band gap’ of the semiconductor as compared with bulk value. 
The optical absorption spectrum of ZnIn2Se4 film deposited onto stainless steel substrate was studied at the room 
temperature in the wavelength of 300–800 nm. Fig.4 (inset) shows the variation of optical absorbance (αt) with 
wavelength. The absorption hump was found near 400 to 500nm region. ZnIn2Se4 shows absorbance in the visible 
region, which is the characteristic of ZnIn2Se4 to use it as absorber layer.   
3.4.  Photoelectrochemical Cell Output Parameter 
The PEC cell with the configuration, ZnIn2Se4|0.1 M polysulphide (NaOH+Na2S+S) |C is formed. It is seen that 
PEC cell gives some dark voltage (Vd) and dark current (Id) with ZnIn2Se4 electrode as the negative and graphite 
electrode as the positive polarity ends. The origin of this dark voltage is attributed to the difference between two half 
cell potentials in the PEC cells which can be written as in Eq. (2) 
  
E = Egraphite - EZnIn2Se4   (2) 
 
Where Egraphite and EZnIn2Se4  are the half cell potentials when dipped in the polysulphide electrolyte. After 
illumination of the junction, the magnitude of voltage increases with negative polarity towards the ZnIn2Se4 thin 
film and anodic behavior of semiconductor is observed which indicates that the conductivity of ZnIn2Se4 thin film is 
of n-type as shown in Fig.(5a)  
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Fig. 5 The Current–voltage (I–V) characteristic in dark and under light illumination (a) photovoltaic power output characteristics and (b) light 
chopping. 
Photoelectrochemical cell (PEC) is based on the junction between semiconductor and an electrolyte. An 
electrolyte plays an important role in PEC cell which acts as a medium for charge transfer between the 
photoelectrode and counter electrode [23]. The PEC response under chopped light (50 mW/cm2) conditions was 
carried out in order to study the photosensitivity of the ZnIn2Se4 thin film. The photoresponse of film was carried 
out by forming a typical configuration cell n- ZnIn2Se4 (stainless steel substrate) | 0.1 M polysulphide |graphite. 
Fig.5(b) shows well defined anodic (n-type) photoactivity under illumination. The photosensitivity confirmed that 
ZnIn2Se4 can be used as n-type absorber layer in a solar cell. 
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The low photocurrents have been attributed to high band gap, while the photosensitivity of the material is the 
result of rod like morphology. Such morphology provides easier electron transport path than percolation through the 
random spherical nanoparticles. This increases electron diffusion length with enhanced photochemistry as reported 
by Law et al. [24].  
3.5. Electrode surface wettability study 
The wettability test is carried out, in order to study the interaction between electrode and electrolyte. The wetting 
behavior is characterized by the value of the contact angle, a microscopic parameter. If the wettability is high, 
contact angle (T), will be small and the surface is hydrophilic. On the contrary, if the wettability is low, T will be 
large and the surface is hydrophobic. The contact angle is an important parameter in surface science and its 
measurement provides a simple and reliable technique for the interpretation of surface energies. The method 
involves the measurement of contact angle between water and the thin film electrode. The contact angle is expected 
to depend upon local inhomogeneity, chemical composition and the surface morphology of the semiconducting 
electrodes. Fig. 3c shows the water contact images of ZnIn2Se4  film. The contact angle for ZnIn2Se4  thin film is 
found to be 85.4°.This indicates that ZnIn2Se4 electrode material is hydrophilic in nature, which will be responsible 
for formation of  better interfacial region in PEC cell.  
 
Fig. 6 Contact angle measurement for studying ZnIn2Se4 electrode-electrolyte interfacial region 
3.6.  Speed of Response and Transient Photoresponse Characteristics 
Speed response of PEC cell was measured as a plot of photocurrent as a time (Fig. 7a). It is noteworthy that rapid 
rise and fall of current makes feasible to use this material as a light sensor. The slope observed in phase change 
region is attributed to film thickness which increases intercalation and deintercalation period. Speed of response for 
long time was checked, confirming consistent stability over long time range (180s). Transient photoresponse of PEC 
cell is the photovoltage rise and decay curve as shown in Fig.7b reveals that increase in photovoltage is almost 
instantaneous. 
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                Fig. 7a. Speed of Response                          Fig. 7b. Photoinduced voltage as a function of time. 
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3.7.  Capacitance–voltage (C–V) Characteristics and Electrochemical Impedance Spectroscopic (EIS) Study of PEC 
Cell 
Capacitance measurement as a function of applied voltage (C–V) (Fig.8) gives useful information about 
photoelectrode such as type of conductivity, depletion layer width and flat band potential (Vfb). Vfb is an important 
factor in explaining charge transfer processes across the semiconductor–electrolyte junction and estimated from 
Mott–Schottky relation. 
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         Fig.8 Mott–Schottky plot of PEC cell.                                         Fig.9 Nyquist plot for ZnIn2Se4 electrode 
 
The variation of 1/C2 versus electrode potential (V) is non-linear as seen in Fig. 8, which is an indication of 
graded junction formation between ZnIn2Se4 and polysulphide electrolyte. Non-planar interfaces, surface roughness, 
presence of stacking faults due to irregular and sharp surface morphology, ionic adsorption on the film electrode 
surface may be the possible reasons for the deviation from linearity in C–V plot [25]. The value of the flat band 
potential obtained by extrapolating the straight line portion to the zero value was found to be −0. 8V/SCE for 
ZnIn2Se4–polysulphide redox electrolyte.  
 
 
 
Fig. 10 The equivalent circuit derived from the Nyquist plot 
 
The resultant EIS analysis generates a two-dimensional plot consisting of the real component (resistance) plotted 
along the abscissa and the imaginary component (impedance) along the ordinate. The nomenclature varies in the 
literature,     however, these plots are commonly known as Nyquist or Cole-Cole plots [26]. 
The Nyquist plot of the ZnIn2Se4 at frequency 1 kHz is shown in Fig. 9. At high frequencies, the plot consists of a 
small semicircle, which is because of the charge-transfer resistance acting in parallel with the double layer 
capacitance. 
Table 1. Component values of equivalent circuit. 
 Parameter    Value Error 
Rs 49 Ω 6.4 
R1 1019.19Ω 10743.32 
C1 0.002484 F 0.047381 
R2 8431.614Ω 11644.95 
Qy2 6.74E-05F 2.54E-05 
Qa2 0.838F 0.0764 
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The Nyquist plot of the ZnIn2Se4 at frequency 1 kHz is shown in Fig. 9. At high frequencies, the plot consists of a 
small semicircle, which is because of the charge-transfer resistance acting in parallel with the double layer 
capacitance. 
The equivalent circuit corresponding to ZnIn2Se4 electrode consists of C1, R1, Rs, R2 and Q2 elements, as shown 
in Fig.10. The C1 is the pseudo capacitance, R1 is the bulk resistance of the electrode, and R2 is the charge transfer 
resistance.  Table1. shows values of the components of equivalent circuit of the Nyquist plot. 
4. Conclusions 
In conclusion, a simple electrodeposition method has been used for the crystalline growth of n-type ZnIn2Se4 
semiconductor film electrode consisting irregular and compact grains on stainless steel substrates from an aqueous 
acidic bath (pH~2) at ambient temperature. The X-ray diffraction measurement confirmed the crystalline quality of 
as-grown film electrode with tetragonal structure and preferential orientation along (2 2 0) plane. The PEC 
properties were studied in polysulphide electrolyte.  ZnIn2Se4 film electrode show photovoltaic activity in 
polysulphide electrolyte, which promises a low cost device fabrication. 
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